The formation of the inter-diffusion layer between NiCrAlY coating and Nb substrate during vacuum heat treatment was investigated. A NiCrAlY coating was applied on Nb substrate by cathode arc deposition. Vacuum heat treatments were carried out at 800, 900, and 1000°C for 2 h. SEM, EPMA, EDS, and XRD were performed to analyze the microstructure of the inter-diffusion layer and the results were interpreted using the 1002°C isothermal ternary Nb-Ni-Cr phase diagram. It was found that at 800°C the inter-diffusion layer has a single NbNi 3 layer; at 900°C the inter-diffusion layer consists of an outer NbNi 3 layer, a thin intermediate NbCr 2 (HT) layer, and an inner Nb 7 Ni 6 layer; at 1000°C the interdiffusion layer has three well-developed layers of an outer NbNi 3 layer, an inner Nb 7 Ni 6 layer, and an intermediate layers comprising NbCr 2 (HT) and NbNi 3 . A small amount of Cr exists in both the NbNi 3 and the Nb 7 Ni 6 phases as solid solution, and a large amount of Ni in the NbCr 2 (HT) phase as solid solution.
Introduction
High-temperature coatings are used in gas turbines and jet engines to protect Ni-based superalloy turbine stator vanes and rotor blades from environmental degradation. One such high-temperature coatings, a MCrAlY overlay coating, is applied either as the bond coat in a thermal barrier coating (TBC) system or as a stand-alone metallic coating for oxidation and hot corrosion protection of the substrate. 1) The combustion gas temperatures of gas turbines and jet engines have steadily risen over the last several decades as the thermal efficiencies of these devices have improved. Thus, while advanced single-crystal Ni-based superalloys and TBCs are currently used to fabricate turbine blades with internal cooling, further rise in combustion gas temperature is limited by the melting point of these alloys (approximately 1350°C). 2) In addition, in the case of the single-crystal Nibased superalloys, outward diffusion of Ni from the superalloy and inward diffusion of Al from the coating could lead to the formation of an inter-diffusion layer and a secondary reaction zone (SRZ). It has been shown that the presence of either the inter-diffusion layer or the SRZ can result in significant reductions in the high-temperature creep rupture stress of the superalloys.
3) Therefore, it is essential to develop new alloys with thermal capabilities beyond those of Nibased superalloys.
Of the various candidate materials, Nb-based alloys are considered to be among the most promising next-generation high-temperature materials that can act as substitutes for Nibase superalloys, 46) since Nb has a melting point of 2477°C and a density of 8570 kg m
¹3
. Its density is close to that of Ni. However, Nb-based alloys tend to suffer from severe environmental degradation caused by high-temperature oxidation, and thus it is necessary to develop oxidation resistant coatings for Nb-based alloys to allow their use in gas-turbine and jet-engine applications.
Cathodic arc deposition (CAD) technique is widely used to fabricate hard tribological coatings such as TiAlN. 7, 8) Compared with other physical vapor deposition (PVD) techniques, such as magnetron sputtering and electron beam evaporation, CAD technique can generate a high ionization ratio and impart high ion energy to the atoms evaporated from the cathodes during arc discharge.
To elucidate the structural stability of Nb-based alloys and the resulting coating layers at high temperatures, information regarding the phase diagrams of these alloys is required. 9) In this study, therefore, we applied a NiCrAlY coating to a pure Nb substrate using the CAD technique and investigated the formation of various phases in the inter-diffusion layer between the coating and the substrate following vacuum heattreatment over the temperature range from 800 to 1000°C.
Experimental Procedure
Pure Nb (99.9 mass%) in the form of a 15 mm diameter cast bar was used as the substrate for coating deposition. The bar was cut into disc-shaped specimens of approximately 2 mm thick and one side of each specimen was mechanically polished to a mirror finish. A NiCrAlY coating with a nominal composition of 58 mass%Ni, 22%Cr, 19%Al and 1.0%Y was deposited on the polished specimen surface using the CAD technique. Details of the applied deposition conditions when using the CAD technique are presented in Table 1 .
The coated specimens were heat treated under vacuum (³10 ¹2 Pa) at 800, 900, and 1000°C for 2 h to promote interdiffusion between the coating and the substrate. Before and after the heat treatment, the specimens were examined using scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) to determine the chemical compositions (in at% unless otherwise specified) of the phases in the coating and inter-diffusion layers. Element distribution maps for the NiCrAlY coating on the Nb substrate were obtained using electron probe micro-analysis (EPMA), while the crystal structure of the phases was analyzed via X-ray diffraction (XRD).
Results and Discussion
The surface and cross-sectional microstructures of the ascoated coating on the substrate are shown in Figs. 1(a) and 1(b), respectively. It can be seen that the coating surface was rather rough and contained dispersion of differently sized particles. The coating layer was approximately 10 µm thick and was evidently composed of two phases that appear as dark gray and light gray. The results of the EDS analysis showed that the average composition of the coating layer was 61.2 at%Ni, 24.1%Cr, 14.2%Al, and 0.5%Y, while the composition of the light-gray phase was 60.6 at%Ni, 30.4%Cr, 8.7%Al, and 0.3%Y, and the composition of the dark-gray phase was 61.3 at%Ni, 18.9%Cr, 19.2%Al, and 0.6%Y. Figure 2 shows Nb, Ni, Al, Cr, and Y distribution maps for the NiCrAlY coating on Nb substrate after vacuum heat treatments at 800, 900, and 1000°C for 2 h. The interdiffusion layers generated at temperatures between 800 and 1000°C evidently contained mainly Nb and Ni, while Cr was noticed in the inter-diffusion layer after processing at 900 and 1000°C. Distribution of Y near the coating surface can also be observed. The corresponding average compositions obtained from the rectangle area in the first coating images (shown in Fig. 2 ) were 58.8 at%Ni, 24.9%Cr, 14.8%Al, 1.1%Nb, and 0.4%Y at 800°C, 53.7 at%Ni, 26.0%Cr, 18.2%Al, 1.6%Nb, and 0.5%Y at 900°C, and 55.3 at%Ni, 21.8%Cr, 18.3%Al, 4.3%Nb, and 0.3%Y at 1000°C. The coating layer after heat treatment consisted of two phases, gray and dark gray phases. At 1000°C, the gray phase is seen to consist of 79.2 at%Cr, 19.7%Ni, and 1.1%Nb, whereas the dark phase consists of 65.5 at%Ni, 16.5%Al, 11.6%Cr, and 6.4%Nb. These were inferred from their chemical compositions to be £ (Ni-Al solid solution) and ¡-Cr phases, respectively, based on the isothermal ternary Ni-Al-Cr phase diagram at 1150°C.
10)
The coating microstructures and the inter-diffusion layers between the coating and the substrate after vacuum heat treatments at 800, 900, and 1000°C for 2 h are presented in Figs. 3(a), 3(b) , and 3(c), respectively. The isothermal ternary Nb-Ni-Cr phase diagram at 1002°C reported by Du et al. 11) were reproduced as well. Du et al. calculated it by using the experimental data obtained from several diffusion couples annealed at 1002°C. As shown in the isothermal section of the Nb-Ni-Cr system at 1002°C, there are two NbCr 2 phases, namely NbCr 2 (HT) and NbCr 2 (LT). The low-temperature (LT) phase of NbCr 2 can dissolve nickel up to approximately 3 at%, whereas the further increase of the Ni-content (up to approximately 38 at%) stabilizes the high-temperature (HT) phase of NbCr 2 . In the phase diagram of the binary Nb-Cr system reported by Venkatraman et al., 12) NbCr 2 (LT) phase possess a C15 (cF24) structure, whereas NbCr 2 (HT) has a C14 (hP12) structure, but the phase boundary line between the NbCr 2 (HT) and NbCr 2 (LT) phases is unclear what this line truly represents. Based on the phase diagram presented in Fig. 3 , NbNi 3 , NbCr 2 (HT), NbCr 2 (LT), and Nb 7 Ni 6 phases are indicated as possible compounds comprising the interdiffusion layers after vacuum heat treatments at 800, 900, and 1000°C.
The inter-diffusion layer formed at 800°C had a singlelayer structure of approximately 1.7 µm thick, composed of 21.0 at%Nb-76.8%Ni-2.2%Cr. This layer is therefore considered the NbNi 3 phase with some Cr in solid solution. The inter-diffusion layer generated at 900°C consisted of three layers; an outer layer contacting the coating layer, a thin intermediate layer, and an inner layer above the substrate. Compositions of these layers determined from EDS were: outer layer; 21.9 at%Nb, 75.9%Ni, and 2.2%Cr, intermediate layer; 28.2 at%Nb, 60.5%Ni, and 11.3%Cr, and inner layer; 53.9 at%Nb, 43.6%Ni, and 2.5%Cr. Similarly, the interdiffusion layer at 1000°C consisted of three layers. Compositions of these layers determined from EDS were: 21.2 at%Nb, 76.4%Ni, and 2.4%Cr, the intermediate layer; 29.6 at%Nb, 48.8%Ni, and 21.6%Cr, and the inner layer; 48.5 at%Nb, 48.3%Ni, and 3.2%Cr. As shown in the phase diagram of the Nb-Ni-Cr system at 1002°C (Fig. 3) , comparing these compositions to the isothermal Nb-Ni-Cr phase diagram, the outer, intermediate, and the inner layers can be identified as NbNi 3 , NbCr 2 (HT), and Nb 7 Ni 6 , respectively, with some Cr or Ni in solid solution. Composition of an intermediate layers is plotted on the NbNi 3 -NbCr 2 (HT) two-phase region. The results are summarized in Table 2 . Based on the EDS analysis, solubility limit of Al in these inter-diffusion layers was very low and thus could not be measured quantitatively. After removing the surface coating layer by careful mechanical grinding, three intermetallic phases were further confirmed by XRD as NbNi 3 , NbCr 2 (HT), and Nb 7 Ni 6 formed in the inter-diffusion layer during vacuum heat treatment at 1000°C for 2 h. This is shown in Fig. 4 . Figure 5 illustrates changes in the microstructure of the NiCrAlY coating layer and the inter-diffusion layer between the coating and the substrate during vacuum heat treatments at 800, 900, and 1000°C for 2 h. The inter-diffusion layer thickness, composition, and microstructure all depend on the heat treatment temperature, and the layer is seen to have evolved from a single-layer structure at 800°C to a triplelayer structure at 1000°C. The average composition of the coating layer was almost retained by the heat treatment temperature.
A single inter-diffusion layer of NbNi 3 at 800°C forms as a result of outward diffusion of Nb from the substrate to the coating and inward diffusion of Ni from the coating to the substrate. As shown in the phase diagram of the Nb-Ni-Cr system at 1002°C (Fig. 3) , when the concentration of Nb in the £-¡ two-phase region is increased to approximately 5 at%, changes from £-¡ two-phase into £-¡-NbNi 3 three-phase region take place, and solubility limit of Cr in the NbNi 3 phase tie line with £ and ¡ phases becomes very low. Similarly, formation of both the outer NbNi 3 and the inner Nb 7 Ni 6 layers in the inter-diffusion layer at 900°C resulted from the outward diffusion of Nb from the substrate to the coating as well as the inward diffusion of Ni from the coating to the substrate. Fig. 3 is plotted on the NbNi 3 -NbCr 2 (HT) two-phase region in the isothermal section of the Nb-Ni-Cr system at 1002°C. In the Ni-Cr binary phase diagram reported by Okamoto, 13) solubility limit of Ni in Cr solid solution is approximately 3 at% at 800°C and increases to 7 at% at 1000°C. Therefore, the formation of the inter-diffusion layers at 800 and 900°C involved inward diffusion of Ni from the coating to the substrate as well as outward diffusion of Nb from the substrate to the coating, whereas the formation of the interdiffusion layer of NbCr 2 (HT), rich in Ni at 1000°C, primarily resulted from the inward diffusion of Cr from the coating to the substrate and diffusion of Ni into NbCr 2 (HT) layer. 
Conclusions
The inter-diffusion behavior of a NiCrAlY coating on Nb substrate during vacuum heat treatment at temperatures ranging from 800 to 1000°C for 2 h was investigated, and the following conclusions were obtained.
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